One major hallmark of Alzheimer's disease (AD) is the massive loss of synapses that occurs at an early clinical stage of the disease. In this study, we characterize alterations in spine density and the expression of synapse-associated immediate early gene Arc (activity-regulated cytoskeleton-associated protein) in the hippocampal CA1 regions of two different amyloid precursor protein (APP) transgenic mouse lines before plaque development and their connection to performance in hippocampus-dependent memory tests. The density of mushroom-type spines was reduced by 34% in the basal dendrites proximal to the soma of CA1 pyramidal neurons in 5.5-month-old Tg2576 mice, carrying the Swedish mutation, compared with wild-type littermates. A similar reduction of 42% was confirmed in the same region of 8-month-old APP/Lo mice, carrying the London mutation. In this strain, the reduction extended to the distal dendritic spines (28%), although no differences were found in apical dendrites in either transgenic mouse line. Both transgenic mice lines presented a significant increase in Arc protein expression in CA1 compared with controls, suggesting rather an overactivity and increased spine turnover that was supported by a significant decrease in number of somatostatin-immunopositive inhibitory interneurons in the stratum oriens of CA1. Behaviorally, the transgenic mice showed decrease freezing in the fear contextual conditioning test and impairment in spatial memory assessed by Morris water maze test. These data indicate that cognitive impairment in APP transgenic mice is correlated with impairment of synaptic connectivity in hippocampal CA1, probably attributable to loss of inhibitory interneurons and subsequent hyperactivity.
Introduction
Alzheimer's disease (AD) is an age-dependent neurodegenerative disorder that is characterized by a progressive cognitive decline and by several structural brain alterations, such as deposition of amyloid ␤ (A␤) peptides in parenchymal plaques and cerebral blood vessels, intraneuronal formation of neurofibrillar tangles, and loss of neuronal subpopulations (Terry et al., 1998) . One major hallmark of AD is the massive loss of synapses that occurs at an early clinical stage of the disease Sze et al., 1997) . Synaptic loss has been correlated with cognitive deficits in AD patients (DeKosky and Scheff, 1990; Terry et al., 1991; Lippa et al., 1992) . Although a detailed morphological analysis of changes in synaptic connectivity in the AD brain over time is difficult and limited to the use of postmortem material, the generation of amyloid precursor protein (APP) transgenic (Tg) mice that overproduce A␤ has enabled a better understanding of the functional and morphological consequences of A␤ overproduction.
Dendritic spines are anatomical specializations on neuronal cells forming distinct compartments that isolate input from different synapses and are essential for excitatory synaptic transmission (Bonhoeffer and Yuste, 2002) . As postsynaptic dendritic contacts, decreases in spine numbers might correlate with the loss of afferent synaptic terminals (Parnavelas et al., 1974; Gould et al., 1990; Cheng et al., 1997) . Several in vitro studies have demonstrated that oligomeric aggregates of A␤ cause a reduction in the number and/or length of dendritic spines in hippocampal neurons (Calabrese et al., 2007; Lacor et al., 2007; Shankar et al., 2007) . However, a similar reduction of dendritic spine density in the CA1 region of the hippocampus by in vivo-generated A␤ oligomers, e.g., in young APP transgenic animals, has not been shown. The aim of this study was to evaluate the impact of A␤ overexpression on the number of dendritic spines of CA1 pyramidal neurons in two transgenic APP mouse lines, before onset of plaque formation. The Swedish (Tg2576) and London (APP/Lo) mutations are recognized APP transgenic mouse models for pre-clinical and drug developmental studies (Hsiao et al., 1996; Moechars et al., 1999; Tanghe et al., 2010) .
Although the spine density of pyramidal neurons was determined by the Golgi-Cox method (Gibb and Kolb, 1998) , accompanying pathological effects were analyzed by staining the immediate-early gene product Arc (activity-regulated cytoskeletonassociated protein), also named Arg3.1 (activity-regulated gene of 3.1 kb) as a marker for synaptic functional and morphological changes, somatostatin (SOM) immunohistochemistry as a marker of inhibitory interneuron integrity, and memory tests as a marker of functional consequences of synaptic changes in same individuals. This is the first study showing morphological alterations in spine density in specific dendritic regions of CA1 pyramidal neurons with possible consequences on spine turnover and inhibitory interneurons, and ultimately cognitive behavior, in two different APP transgenic mouse lines before onset of plaque formation. Presence of pathology at early age suggests that soluble oligomeric rather than deposited fibrillar A␤ is responsible for these deficits.
Materials and Methods

Animals
Female Tg2576 mice (5.5 months old; Taconic Farms), APP/Lo mice (8 months old; bred in-house), and age-matched littermate wild-type control mice were housed individually in Macrolon type 2 cages under standard laboratory conditions, 21 Ϯ 1°C air temperature, and 55 Ϯ 15% humidity, with access to food and water ad libitum. Experimental procedures were approved by Abbott's Animal Welfare Officer and were performed in accordance with the European and German national guidelines as well as recommendations and policies of the U.S. National Institutes of Health Principles of Laboratory Animal Care (1996 edition). All experiments were performed during the light phase of the 12 h day/ night cycle.
Behavioral testing
In house, we have validated the contextual fear conditioning test with Tg2576 mice, but for technical reasons, in APP/Lo mice, a modified Morris water maze has been proven to be most reliable (Moechars et al., 1999; Tangle et al., 2010) . This strain selectivity for deficits in different tasks may be attributable to genetic background. Thus, we have applied a different test to each strain of mice as described below.
Tg2576 mice and contextual fear conditioning. Mice were placed into the conditioning box (Hamilton Kinder), and the computer program was started. Mice were given 2 min to explore the conditioning chamber and then presented with a tone (70 dB, 15 s). The tone stimulus coterminated with a footshock (0.78 mA, 2 s). This stimuli pairing was repeated two times, with presentations spaced 2 min apart. Thirty seconds after the second shock, the mice were removed from the chamber. Mice were returned to the home cage and colony room. Before the first mouse and between mice, the chambers were wiped clean with isopropyl alcohol and allowed to dry before testing.
Twenty-four hours later, mice were placed back into the conditioning chamber for a 5 min contextual conditioning test without tone or shock presentation, in which the mice were scored for the presence or absence of freezing (lack of movement except for respiration). Mice were removed from the chamber after the 5 min test, returned to the home cage, and moved to another test room for the novel context test. After 1 h of habituation, mice were placed into the novel context box that had several differences from that of the test chamber: the lighting was reduced, chambers were made of clear Plexiglas and were larger in size than the contextual conditioning chambers, and the floor of the chambers were smooth, white plastic that were coated lightly with a 1% vanilla extract solution (reapplied between mice). The computer program consisted of 3 min without any stimulus presentation, followed by 3 min of the tone stimulus. Mice were scored for the presence or absence of freezing in the first 3 min to examine differences in freezing to the novel context and for the 3 min of tone presentation to assess the memory for the tone previously paired with the footshock.
APP/Lo mice and water maze. A custom-made water pool (100 cm diameter) with white, nontransparent walls was located in a well-lit room with a number of distal extramaze cues. The water (25°C), which was made opaque with coffee creamer, was filled and drained daily up to ϳ10 cm from the top of the pool edge. A clear Plexiglas escape platform (9 cm diameter) was located 0.5 cm below the water surface in the center of one of eight equally sized pool sectors (ϳ20 cm from the edge of the platform to the pool wall). The platform location was selected randomly for each mouse but was kept constant for each individual mouse throughout training. For each trial, a mouse was released from any of eight start boxes (filled with water and separated from the pool by the manually operated sliding door) and had 60 s to locate the escape platform, in which it was allowed to remain for 10 s. The mouse was then returned to its holding cage, which was located under an incandescent red heat lamp. If the platform was not found in the allotted time, the mouse was gently placed on the platform using an appropriately sized plastic spoon. The mice were given two trials per day for 8 d. Four mice were trained successively in a group enabling intertrial intervals to be 5 min. The mice were tracked in the pool by an Ethovision video tracking system (Noldus).
Histological analysis
After behavioral testing, animals were deeply anesthetized by intraperitoneal injection with a mixture of 50 mg/ml ketamine and 10 mg/ml xylazine (200 l/100 g body weight) and with 0.1 mg/ml atropine and perfused transcardially with 0.1 M PBS. Aware of the sensitivity and immediate effects of handling on the expression of Arc and spine formation/ elimination, we kept the time interval between behavioral testing and the time when the animals were killed between 60 and 90 min in all animals.
Golgi-Cox staining. Directly after perfusion, the right hemisphere was dissected out and processed for a modified Golgi-Cox staining as described by the manufacturer (Rapid Golgi; FD NeuroTechnologies). Coronal sections (240 m) were obtained using a freezing-sliding microtome (Frigomobil 1206; Reichert-Jung), mounted on 2% gelatincoated glass slides, and stored in Golgi solution in the dark at room temperature. After 2 weeks, sections were rinsed, dehydrated, cleared of xylene, and mounted onto gelatinized glass slides. Slides were coverslipped and allowed to dry before quantitative analysis. Several pyramidal neurons impregnated with the Golgi solution were readily identified in the dorsal hippocampal region by their characteristic triangular soma shape and numerous dendritic spines (Robinson and Kolb, 1997) . At least four neurons per animal were three-dimensionally reconstructed by NeuroLucida Software (MicroBrightField). For spine quantification, a 100ϫ oil-immersion objective was used to identify mushroom-like spines in dendrites longer than 10 m. Straight branches were preferred to have a clear presentation of mushroom-like spines. At least three proximal (30 -120 m from soma) and three distal (220 -340 m from soma) dendritic segments were quantified in each neuron (Fig. 1) . Spine densities were calculated as mean numbers of spines per micrometer per dendrite per neuron in individual mice per group. Spines located on proximal dendrites and spines located on distal dendrites were analyzed separately.
Immunohistochemistry. After brain removal, the left hemisphere was immersion fixed in 4% formaldehyde in PBS for ϳ24 h at 4°C with subsequent transfer in 30% sucrose/phosphate buffer for at least 3 d. Thereafter, eight series of coronal sections were cut at 40 m on a freezing microtome. Accordingly, sections were stained slide mounted for detection of Arc protein levels or free floating for somatostatin-positive cells quantification. Residual series were kept frozen in cryoprotectant medium for long-term storage.
Activity-regulated cytoskeleton-associated protein (Arc). An automated staining system was used for Arc immunohistochemistry (Discovery; Roche Diagnostics). Briefly, after incubation for 30 min in 0.25% H 2 O 2 / methanol solution and washing steps with PBS, sections were mounted on SuperFrost Plus slides (Menzel Glaeser), air dried, and subsequently transferred into the automated staining system. For all stainings, the diaminobenzidine (DAB) technique was used for chromogenic reaction (DAB Map kit; Roche Diagnostics). Briefly, after a fixation step with 4% formaldehyde in PBS/reaction buffer for 12 min, followed by a mild CC1 heat pretreatment (delivered from Roche Diagnostics), slides were incu-bated with primary antisera in antibody diluent (Roche Diagnostics) at room temperature for 6 h. The Arc antibody was used at a dilution of 1:200 (applied concentration, C-7; Santa Cruz Biotechnology). Thereafter, slides were exposed to the matching biotinylated secondary antibody in antibody diluent (Roche Diagnostics) for 30 min at 37°C. The secondary antibody was used at a dilution of 1:500 (applied concentration, donkey antimouse IgG; Jackson ImmunoResearch). All other steps (blocking steps, chromogenic DAB reaction, etc.), which are included in the DAB Map kit procedure, are standardized and controlled by the Discovery autostainer and cannot be influenced by the researcher. After finalization of automated staining, slides were washed in normal water, dehydrated in graded ethanols, cleared in XTRA-Solve (J. T. Baker), and coverslipped with UltraKitt (J. T. Baker). Samples with omission of primary antibody were included as negative controls in the same run and confirmed antibody specificity because in no case staining was seen. Furthermore, brain sections from various mice with known expression pattern were used as positive controls.
Somatostatin-positive cells. Free-floating coronal sections (40 m thick) from Tg2576 and wild-type mice were pretreated with 3% H 2 O 2 / methanol in 0.1 M PBS, pH 7.4, for 30 min and with an avidin/biotin blocking kit (Vector Laboratories) for 30 min. Sections were rinsed two times with Tris-buffered saline Tween (TBST) buffer and then blocked for endogenous secondary antibody with 5% normal goat-serum in TBST. Thereafter, sections were incubated with a polyclonal rabbit antibody against somatostatin (Santa Cruz Biotechnology) diluted 1:1000 in 1% normal goat-serum/TBST overnight at room temperature. Sections were rinsed and incubated for 30 min at room temperature in a 1:500 dilution anti-rabbit IgG (Vector Laboratories). Thereafter, sections were incubated with Vectastain ABC Reagent for 30 min (Vector Laboratories) at room temperature, and the DAB technique was used for chromogenic reaction. After finalization of staining, slides were washed in normal water, dehydrated in graded ethanol, cleared in XTRA-Solve (J. T. Baker), and coverslipped with UltraKitt (J. T. Baker). Samples with omission of primary antibody were included as negative controls.
Immunohistochemistry image analysis. For analysis, we used five to seven labeled sections per animal (40 m thick, ϳ320 m apart, starting at approximately Ϫ2.8 mm posterior to bregma) (Paxinos and Franklin, 2001) . For Arc image analysis, sections were digitized to grayscale pictures using a Carl Zeiss Axioplan 2 microscope and analyzed for optical densities using Image-Pro Plus software (Media Cybernetics). For somatostain-positive cell analysis, manual quantification was done by using the Neurolucida System (MicroBrightField). Depending on the dimension of the analyzed region, specific a priori-designed and calibrated areas of interest were used for determination of optical densities or number of positive cells within a given region. CA1 dorsal hippocampal region was identified by anatomical hallmarks and according to standard mouse stereotaxic brain atlas (Paxinos and Franklin, 2001) . A square area of ϳ1.875 m 2 (for both stratum pyramidale and stratum oriens of CA1) and 22.500 m 2 (stratum radiatum of CA1) was used for analysis of Arc staining. At least two measurements of the optical density were obtained from each region within a given section and averaged. Background optical density values, obtained from coverslipped glass slides without sections, were determined and set to 100% transmission. Additionally, all data of Arc optical density measurements were corrected for tissue background staining by subtracting optical density values from fiber tracts within the same section, e.g., corpus callosum. For somatostatin-positive cell counting, a frame covering the whole surface area of each region of interest (mean values for CA1 stratum oriens, 381,625 m 2 ; CA1 stratum lacunosum-moleculare, 299,812 m 2 ; dentate gyrus, 69,539 m 2 ) ( Fig. 1) was marked. Then, the number of somatostatin-positive neurons was counted. An average of five to seven transverse sections (320 m apart) were measured in each animal. The CA1 dorsal hippocampal region was defined using a 2.5ϫ objective, and the number of neurons was counted using a 40ϫ/1.3 oil differential interference contrast objective following the description made by Vela et al. (2003) . Briefly, cell density values were obtained by dividing the number of immunoreactive neurons by the total area of the corresponding hippocampal region of interest (see above). The density of immunolabeled neurons from different hippocampal regions was averaged and expressed as the mean number of positive cells per square millimeter. It was not our intention to determine the total immunostained cell number in the whole mouse hippocampus. We are aware that, if this was the aim, Cavalieri point count in combination with three-dimensional optical dissector methods would be more appropriate (Ramos et al., 2006) . All analysis was performed by a scientist blinded to the genotype status of the animal. Paxinos et al. (1997) . Pyramidal neurons located in the dorsal part of CA1 were analyzed, and dendrites projecting toward corpus callosum were divided in basal proximal dendrites (30 -120 m from soma) and basal distal dendrites (Ͼ120 m from soma). Apical dendrites projecting toward dentate gyrus were also separated in apical dendrites proximal to soma (30 -120 m) and apical dendrites distal to soma (Ͼ120 m).
Statistical analysis
All data are presented as mean ϩ SEM, and p Ͻ 0.05 was considered statistically significant. Contextual conditioning data was assessed by unpaired t test. For water maze data, measures of latency to find the platform were obtained for each trial and then averaged daily values were subjected to two-way ANOVA with repeated measures on time. Whenever applicable for repeated measures analysis, Mauchly's test of sphericity was applied and the degrees of freedom were corrected to more conservative values using the Huynh-Feldt's for any terms involving factors in which the sphericity assumption was violated. Statistical analysis of the spine density was performed with the mean total number of spines per micrometer per neuron per mouse for each group, which were compared by unpaired t test. For optical density (Arc) and cell count (somatostatin) analyses, an unpaired t test was used.
Results
Behavioral testing
Contextual conditioning was assessed in Tg2576 mice by analyzing the time spent freezing in the conditioning context on the test day (day 2). Tg2576 mice spent significantly less time freezing than the wild-type controls (t ϭ 4.023, df ϭ 16; p Ͻ 0.01) (Fig.  2 A) . When tested in the novel context, wild-type and transgenic mice did not differ in the levels of non-associative freezing ( p ϭ 0.92) (Fig. 2 A) . The performance in the water maze was tested in APP/Lo mice. Over 7 d of training, mice improved their ability to find the submerged platform. During the last day of training, wild-type animals had shorter latencies to find the platform than those in APP/Lo mice (Fig. 2 B) (genotype ϫ time interaction, F (1,156) ϭ 10.82, p Ͻ 0.001).
Density of synaptic spines in CA1 of the hippocampus
To study the anatomical basis of the cognitive deficit in the hippocampus-based tests, synaptic connections were quantified by counting mushroom-like spines in the dendritic region of hippocampal CA1. A total of 18 -20 pyramidal neurons in each wild-type and transgenic mice were included for final analysis (n Ն 6 animals per group). All of the neurons resided in the dorsal part of the CA1 hippocampal region and were completely stained along basal and apical dendrites. Segregation analysis was done to differentiate basal from apical dendrites in the same neuron (Fig.  1) . In Tg2576 mice, the spine density in basal dendrites proximal to soma were reduced by 34% compared with wild-type littermates (t ϭ 4.68, df ϭ 8; p Ͻ 0.01). Basal dendrites distal to soma and apical dendrites both proximal and distal to the soma presented similar values between transgenic and control mouse (Fig. 3A) .
In APP/Lo mice, the number of spines in basal dendrites proximal to soma were also reduced by 42% compared with wild-type littermates (t ϭ 5.224, df ϭ 9; p Ͻ 0.001). In addition, these mice had also 28% less spines in basal dendrites distal to soma (t ϭ 2.877, df ϭ 9; p Ͻ 0.05). Again, in apical dendrites, no significant differences were observed in either proximal or distal segments (Fig. 3B ).
Immunohistochemical analysis of Arc protein
Based on the reduced spine density in hippocampal CA1, the expression of the neuronal activity-related synaptic protein Arc was studied. The region-specific reduction of synaptic spines suggested also a determination of Arc protein levels in three areas of interest within hippocampal CA1: stratum oriens (corresponding to basal dendrites), stratum pyramidale (soma of pyramidal cells), and stratum radiatum (corresponding to apical dendrites). Based on previous reports (Miyashita et al., 2009; Lonergan et al., 2010), we expected a robust Arc protein response at 60 -90 min after behavioral testing. Moreover, we have reported previously an elevated number of Arc immunopositive granule cells in dentate gyrus 2 h after exposure to a novel environment in both wild-type animals and Tg2576 mice (Nolte el al., 2008) . To test whether the behavioral test or already the genetic background has an effect on Arc expression in APP transgenic mice, we conducted an experiment in which APP/Lo and wild-type mice were handled for 4 weeks without behavioral test before being killed. We found that the untreated APP/Lo mice presented a significantly higher Arc protein level compared with wild type in stratum oriens, stratum radiatum (both p Ͻ 0.001), and stratum pyramidale ( p Ͻ 0.05), indicating that regardless of environmental stimulation, APP transgenic mice present an increased baseline level of Arc protein expression (Fig. 4) .
Interestingly, when animals were submitted to behavioral paradigms (i.e., fear conditioning or water maze), the same effect was observed. After the fear conditioning test, Tg2576 mice had a higher density of Arc immunostaining compared with wild-type littermates in all hippocampal regions ( p Ͻ 0.0001) (Fig.  5A) . In APP/Lo mice submitted to the water maze, Arc protein expression was also enhanced compared with wild-type controls, although less dramatically than in Tg2576 mice. The strongest increase compared with the wild-type littermates was found in stratum radiatum ( p Ͻ 0.0001) and stratum oriens ( p Ͻ 0.01), with a smaller but still significant increase in stratum pyramidale ( p Ͻ 0.05) (Fig. 5B) . Therefore, the increased Arc protein expression in APP transgenic mice seems to be attributable to a higher baseline level compared with wild-type controls rather than a stronger response to external stimulation.
Quantification of somatostatin-positive cells in Tg2576 mice
Among others, a possible explanation for an increased Arc staining and reduced spine density in stratum oriens of hippocampal CA1 would be the loss of inhibitory interneurons. Therefore, these interneurons were identified and quantified by somatostatin immunohistochemistry. The focus of analysis was laid on areas with considerable presence of SOM-positive cells. This subpopulation of GABAergic interneurons has a limited distribution in CA1 hippocampal region, in which highest density is found in stratum oriens, but none in stratum radiatum and very few in stratum lacunosum-moleculare (Vela et al., 2003; Ramos et al., 2006) . Therefore, we included only stratum oriens and stratum lacunosum-moleculare and the dentate gyrus for comparison into analysis (Fig. 1) . The Tg2576 mouse strain was used because it has shown the greatest differences in spine and Arc analysis. In these mice, the density of SOM-positive cells was significantly reduced compared with wild-type controls in stratum oriens ( p Ͻ 0.05), but no significant differences were observed in stratum lacunosum-moleculare or in dentate gyrus ( p Ͼ 0.1) (Fig. 6 ).
Discussion
In this study, we analyzed several markers of synaptic function in the CA1 hippocampal region known for its vulnerability in AD patients (Van Hoesen et al., 1990; Arendt et al., 1998 Arendt et al., , 2001 . In APP transgenic mice carrying the Swedish or London mutation of familial Alzheimer's disease, learning and memory impairments are detected at young age, even before amyloid plaque deposition, suggesting that overexpression of APP in the brain induces deficits in hippocampus-dependent functions (Hsiao et al., 1996; Dodart et al., 2000) .
The role of A␤ in the temporal course of AD and its deposition in the brain in amyloid plaques has been well established (Tanzi and Bertram, 2005) . Small soluble A␤ peptide aggregates (oligomers), which are formed before A␤ fibrils, have been linked recently to synaptic alterations in several in vitro and in vivo studies (Lambert et al., 1998; Walsh et al., 2002; Ji et al., 2003) . To clearly separate effects of oligomeric A␤ from that of fibrillar deposited A␤, we studied animals at an age when they are still free of plaques but have high levels of A␤ oligomers. When we quantified spine density in pyramidal neurons of CA1 and compared these data with Arc protein expression and SOM interneurons in the same hippocampal region, a complex pattern of changes was observed. A region-specific reduction of synaptic spines in basal dendrites proximal to the soma, accompanied by a reduction of SOM neurons and increased Arc expression, suggests that different inputs cause differential morphological rearrangements in pyrami- Figure 3 . Spine density (mean ϩ SEM) in CA1 region of APP transgenic mice (gray bars) and wild-type littermate controls (white bars). Top panels indicate spine densities in basal dendrites (proximal on left and distal on right, respectively). Bottom panels indicate spine numbers in apical dendrites (proximal on left and distal on right, respectively). Dendritic segments longer than 10 m were analyzed, and only mushroom-like spines were included in the analysis. A, Amount of mushroom-like spines was significantly reduced in Tg2576 mice in basal dendrites proximal to soma compared with wild-type littermates (**p Ͻ 0.01). No differences were observed in basal dendrites distal to soma or along all apical dendrites. B, In APP/Lo mice, mushroom-like spines were reduced in basal dendrites proximal to soma (***p Ͻ 0.001) and basal dendrites distal to soma (*p Ͻ 0.05). No differences were observed in apical dendrites. Photomicrographs are representative for the average spine density in the respective groups. Scale bar, 5 m.
dal neurons of transgenic mice. These regional morphological rearrangements in spine density in two different transgenic mouse lines suggest a similar soluble A␤-mediated mechanism of action at least at early stages of the pathology. Moreover, the loss of spines in basal dendrites in Tg2576 and APP/Lo mice correlated with behavioral impairments assessed in the same individuals. Jacobsen et al. (2006) reported a similar correlation of loss of spine number in dentate gyrus and deficit in contextual fear conditioning in 4-month-old Tg2576 mice. There are only few other reports describing spine density changes in the hippocampus of APP transgenic mice. Lanz et al. (2003) compared reduction of synaptic spines at different ages in PDAPP and Tg2576 mice lines. Contrary to our findings, these authors reported decreased number of spines along apical dendrites of pyramidal neurons in CA1 (Lanz et al., 2003) . Differences in genetic background and gene inclusions may explain the different results. To date, no other reports have focused in CA1 pyramidal neurons from young AD transgenic mice models.
Why is the spine density in basal but not apical dendrites of hippocampal CA1 reduced in both APP transgenic mouse lines? There are several possible explanations for such selective loss of spines in young APP transgenic mice. First, soluble A␤ is generated at higher concentration in stratum oriens compared with stratum radiatum and stratum lacunosum-moleculare (Buxbaum et al., 1998; Su and Ni, 1998; Lazarov et al., 2002; Reilly et al., 2003) Second, a general A␤ overproduction may target specific cell types especially relevant for local network rearrangement, i.e., GABAergic interneurons. On the apical side, CA1 pyramidal neurons receive synaptic input from Schaffer collaterals proximal to the soma and from the entorhinal cortex (via the perforant path) on distal dendrites, whereas the basal dendrites receive most synaptic input from Schaffer collaterals (Spruston and McBain, 2007) . Therefore, synaptic input from the same region (i.e., Schaffer collaterals from CA3) impinges on basal and apical proximal dendrites, but spine loss was only detected on basal dendrites. Therefore, axonal innervation from a different region is probably not the reason for the selective loss of spines in CA1 basal dendrites. Selective rearrangement of spine formation or selective elimination of spines on basal and apical dendrites has been reported previously by other authors. For instance, spatial training in a complex environment affects spines in CA1 pyramidal neurons by . Arc protein expression levels in APP transgenic mice (gray bars) and wild-type littermate controls (white bars) without behavioral testing. Arc protein expression (mean ϩ SEM optical density) was evaluated in stratum (Str.) oriens, stratum radiatum, and stratum pyramidale of the hippocampal CA1 region (see Fig. 1 ). APP/Lo mice presented a significantly increased Arc protein level in all analyzed regions compared with wild-type littermates (*p Ͻ 0.05; ***p Ͻ 0.001).
Figure 5. Arc protein expression levels (mean ϩ SEM optical density) in APP transgenic mice (gray bars) and wild-type littermate controls (white bars) after behavioral test. Arc protein expression was evaluated in stratum (Str.) oriens, stratum radiatum, and stratum pyramidale of the hippocampal CA1 region (see Fig. 1) . A, Representative photomicrographs of Arc staining on a wild-type and Tg2576 mouse in the hippocampal region (st.o, stratum oriens; st.p, stratum pyramidale; st.r, stratum radiatum). B, Tg2576 mice killed shortly after fear conditioning test presented significantly increased Arc protein levels in all analyzed regions (***p Ͻ 0.0001) compared with wild-type littermates. APP/Lo mice killed shortly after Morris water maze test also presented strongly increased Arc protein expression in stratum oriens and stratum radiatum (***p Ͻ 0.0001), but in stratum pyramidale the difference was less dramatic (*p Ͻ 0.05).
increasing its number on basal dendrites but not on apical dendrites (Moser et al., 1997) . Normal aging resulted in decrease of the spine density on basal but not apical dendrites in C57BL/6 mice, one of the background strains of the APP transgenic mice of this study (van Bohlen et al., 2006) . Reelin may play a role in this selectivity because reelin-insufficient heterozygous mice presented a spine reduction on basal dendrites of CA1 pyramidal neurons compared with wild-type littermates, but no significant changes were found in apical dendritic trees (Liu et al., 2001) . Chemical treatment can also region-specifically induce spine reductions in CA1 pyramidal neurons of rodents. Neonatal rats exposed repetitively to low doses of paroxon (an organophosphate-type cholinesterase inhibitor) loose dendritic spine selectively in basal dendrites with no changes in apical dendrites of pyramidal neurons in CA1. These changes were accompanied by a reduction in cholinesterase activity in the whole hippocampus (Santos et al., 2004) . Because more cholinergic input arrives in the stratum oriens in which the basal dendrites are located, the authors proposed that inhibition of acetylcholine esterase by paroxon leads to accumulation of acetylcholine in this region, thereby increasing the risk of toxic effects in basal versus apical dendrites (Santos et al., 2004) . Moreover, these effects could be mediated by muscarinic receptor activation on GABAergic interneurons. Alterations in local GABAergic cells by this toxic compound were also hypothesized (Santos et al., 2004) .
Conversely, our Arc data indicate rather a more general synaptic activation in both APP transgenic mice lines compared with their wild-type littermates. Arc is a well known neuronal marker for neuronal activity whose expression is induced during synaptic activity, and its mRNA is rapidly transported to dendritic processes for local translation (Tzingounis et al., 2006; Bramham et al., 2008) . In the present study, we first tested whether baseline levels of Arc are different between wild-type and APP transgenic mice and then whether behavioral exposure will affect those levels. In APP/Lo mice that were not submitted to any behavioral test, Arc protein levels were significantly elevated compared with their wild-type littermates. Moreover, when mice were subjected to a hippocampus-dependent memory test shortly before they were killed, there was a similar pattern of enhanced Arc protein expression. Thus, APP transgenic mice seem to have a higher baseline level of Arc protein expression compared with their wild-type controls, indicating general neuronal overexcitation already at baseline condition. Conversely, increased Arc protein levels along all dendritic regions of CA1 (stratum oriens and stratum radiatum) may imply that synaptic spine reduction is not directly correlated with Arc protein levels. It is important to note that our analysis focused on mushroom-type spines, the most permanent spines with a slower turnover rate compared with filopodia (i.e., a lifespan of 7 d) (Yuste and Bonhoeffer, 2004) . Therefore, rapid neuronal activation as detected by Arc immunostaining is probably quite distinct from the more permanent change of the number of mushroom-type spines. This leads to the second hypothesis, in which rearrangements in a whole local network might account for the selective spine loss found in basal proximal dendrites of CA1 pyramidal neurons. The most likely candidate for such a local network is that of the inhibitory interneurons. Arai et al. (1994) described significant changes during single theta bursts in CA1 basal and apical dendritic trees, and the basal dendrites undergo greater long-term potentiation than the apical dendrites (Abraham and Wickens, 1991; Leung et al., 1992) . These authors suggest that such variations to be related not only to the more complex architecture in basal dendrites versus apical dendrites but also to the distribution of GABAergic interneurons in specific regions of the hippocampus (Jinno and Kosaka, 2000; Cope et al., 2002; Pawelzik et al., 2002) . The idea of a local network dysfunction in the hippocampus of AD patients has been repeatedly suggested (for review, see Burgos-Ramos et al., 2008) . Somatostatin, calretinin, and parvalbumin are all markers of GABAergic interneurons in the hippocampus, and they have been used to demonstrate impairment in aged rats by a reduced number of labeled neurons (Vela et al., 2003; Gavilan et al., 2007) . Moreover, selective decreases in somatostatin-positive neurons were found in APPϫPS1 mice (an AD model with enhanced pathology) at 6 months of age compared with wild-type mice but only in stratum oriens, corresponding to the region in which basal dendrites are located in our analysis (Ramos et al., 2006) . Our analysis of somatostatin-positive cell density in Tg2576 mice, i.e., their selective reduction in stratum oriens, confirms and extends these previous reports.
In summary, we suggest that the observed reduction in dendritic spines on basal proximal dendrites is attributable to a loss of GABAergic interneuron afferents, likely causing glutamate and calcium-mediated overexcitation and local toxicity in stratum oriens. Targeting the basal dendritic region of the hippocampal CA1 and specifically protecting its interneuronal population might be a promising therapeutic strategy to overcome cognitive Figure 6 . A, Representative photomicrographs of SOM staining in the hippocampus of a wild-type and Tg2576 mouse (st.o, stratum oriens; st.lm, stratum lacunosum-moleculare; dg, dentate gyrus). B, The density of SOM-immunopositive neurons (mean ϩ SEM) in Tg2576 (gray bars) and wild-type littermate (white bars) mice was evaluated in three regions of the dorsal hippocampus: stratum (Str.) oriens, stratum lacunosum-moleculare, and the hilus of the dentate gyrus. SOM neurons in Tg2576 mice were significantly decreased in stratum oriens (*p Ͻ 0.05) but not in stratum lacunosummoleculare and in dentate gyrus compared with wild-type littermates. Note the large variability in stratum lacunosummoleculare attributable to the small number of cells in this area.
